The ability of the dual-function bioreductive drug, RSU 1069. to identify hypoxic cells in multicell spheroids and murine SCCVII squamous cell carcinomas was examined using the alkaline comet method. This method applies fluorescence microscopy and image analysis to measure the amount of migration of DNA from individual cells embedded in agarose and exposed to an electric field. Chinese hamster V79 spheroids, exposed for 1 h to RSU 1069, were (Stone et al., 1993) . As discussed in the companion paper, an important limitation of this method is the necessity of exposing the tumour to a dose of 3 Gy or more, followed immediately by fine-needle aspiration. The possibility that bioreductive drugs which preferentially damage the DNA of hypoxic cells might also be useful in identifying hypoxic cells was therefore examined.
The comet assay, used in conjunction with ionising radiation, is the only technique currently available which allows measurement of the radiobiologically hypoxic fraction of a human tumour (Stone et al., 1993) . As discussed in the companion paper, an important limitation of this method is the necessity of exposing the tumour to a dose of 3 Gy or more, followed immediately by fine-needle aspiration. The possibility that bioreductive drugs which preferentially damage the DNA of hypoxic cells might also be useful in identifying hypoxic cells was therefore examined.
In the accompanying paper, DNA damage produced in individual cells by the bioreductive drug tirapazamine was shown to be useful in estimating tumour oxygenation. Multicell spheroids and SCCVII murine tumours showed 20-40 times more DNA strand breaks when exposed to this drug under anoxic than under aerobic conditions. In spheroids and tumours containing cells with a range of oxygen contents, tirapazamine produced, as expected, a wide range of cellular responses in terms of DNA damage. However, there was no clear distinction between aerobic and radiobiologically hypoxic cells, making it difficult to determine hypoxic fraction solely on the basis of the DNA damage histogram, a method which has proven successful with ionising radiation-induced DNA damage (Olive and Durand, 1992; Olive, 1994) .
Oxygen inhibits the toxicity of tirapazamine over an extremely broad range of oxygen concentrations, apparently extending above 100% (Koch, 1993) . The shape of the 'k curve' describing toxicity as a function of oxygen concentration may explain why the DNA damage histograms measured using the comet assay are so broad after tirapazamine treatment. This is not likely to be true for another bioreductive agent, RSU 1069, since the half-maximum value on the 'k curve' is about 10-fold lower for RSU 1069 than for tirapazamine, and toxicity by RSU 1069 shows the most significant change below 5% oxygen (Koch, 1993) . The hypoxic/oxic differential in cell killing of RSU 1069 can be as high as 100, although lower differentials have also been reported for some cell lines (Hill et al., 1986; Stratford et al., 1986a, b; Whitmore and Gulyas, 1986) . Unlike tirapazamine, this agent produces interstrand cross-links rather than strand breaks in hypoxic cells because of its bifunctional character (O'Neill et al., 1987) . The aziridine group causes DNA strand breaks in aerobic cells, while the nitro group at the other end of the molecule is metabolised under hypoxic conditions and subsequently bound to macromolecules including DNA (Silver et al., 1985; Stratford et al., 1986b; Jenner et al., 1991) . The detected by two methods based on the inability of broken DNA to migrate during electrophoresis when it contains DNA interstrand cross-links. RSU-1069-treated cells exposed to 10Gy in vitro exhibited two populations of cells; the percentage of comets which showed less migration than expected for exposure to 10 Gy (i.e. tail moments . 11) were assumed to contain cross-links. Since RSU 1069 also produces single-strand breaks, exposure to a sufficiently high dose of this agent also revealed the presence of a separate population of cells with a low tail moment (.3) which were considered to contain cross-links.
Results
In Chinese hamster V79 spheroids exposed to 100ligmm-l RSU 1069, DNA damage was maximum in cells obtained from well-oxygenated spheroids (Figure lb) . Conversely, few or no strand breaks could be detected in cells from anoxic spheroids (Figure ld) . In spheroids equilibrated with 10% oxygen and containing about 40% hypoxic cells, there was a wide variety of responses to RSU 1069 (Figure la and c (Olive and Banath, 1993) .
The presence of DNA interstrand cross-links in hypoxic cells from RSU 1069-treated spheroids was confirmed by irradiating single cells obtained from these spheroids containing 40-50% hypoxic cells. Since the spheroids were disaggregated before irradiation, all of the cells were aerobic and should have responded identically to ionising radiation. However, the presence of the cross-links in the irradiated samples was confirmed when a significant number of cells showed little or no damage after exposure to 10 Gy ( Figure  2 ). In fact, the use of ionising radiation allowed detection of cells with cross-links at much lower drug exposure doses. Hypoxic cells could be detected in spheroids exposed for 1 h to 5 Lg ml-' RSU 1069 provided the cells were subsequently given 10 Gy to improve the ability of the assay to identify the cells with cross-links. In the absence of radiation, there was no obvious separation between the response of aerobic and hypoxic cells for doses below 25 jig ml1'. However, once sufficient numbers of single-strand breaks were produced in the aerobic cells by higher doses of RSU 1069, the presence of a separate population of cells containing cross-links could be identified.
As the dose of RSU 1069 increased, the mean tail momnent of cells from spheroids also increased up to about 25;Lgml1'. but as the degree of cross-linking increased for higher doses, further increases in tail moment were not observed. For spheroids exposed to 100;Lgml-' RSU 1069, some degree of cross-linking could be present even in the aerobic population ( Figure 3a) ; the average tail moment for spheroids exposed to 100 Lg ml-' was smaller than for spheroids exposed to 50 jig ml1'. The percentage of cells with cross-linked DNA was defined on the basis of the responses of control and 10 Gy-irradiated cells in the absence of drug, that is the percentage of comets with tail moments . 11 for the irradiated cells, or with tail moments .3 for the unirradiated cells (Figure 3b ). In both cases, the percentage of cells with cross-links averaged 20-30%, a value somewhat lower than the expected value of 40-50% radiobiologically hypoxic cells routinely observed for V79 spheroids equilibrated with 10% oxygen (Durand and Olive, 1992) strand breaks observed at pH 13 using the filter elution method (Crump et al.. 1990) . increasing the sodium hydroxide concentration in the lysis buffer from 0.03 to 0.3 M sodium hydroxide did not significantly affect comet migration patterns (results not shown). The excellent sensitivity of the comet assay in detecting strand breaks suggests that our lysis solution, which also contains high salt and ionic detergent. is sufficient to convert monoadducts to strand breaks.
Repair of DNA single-strand breaks and cross-links by RSU 1069 was examined using V79 spheroids incubated under either aerobic or anoxic conditions, nrnsed free of drug and then returned to aerobic conditions for repair. Singlestrand damage showed a short lag or even an increase in amount after treatment, but about half of the breaks were rejoined within 90 min (Figure 4) . In contrast. no recovery was observed over the 2 h repair time for the anoxic cells containing cross-links (Figure 4) . RSU 1069 also produced DNA damage which was readily detectable in SCCVII tumours. Initial experiments were performed using an i.p. injection of 100mg kg-' RSU 1069. To enhance the ability to observe cross-links, the single-cell suspension was subsequently irradiated with 1O Gy on ice. Results shown in Figure 5 cross-links when cells were exposed to 10 Gy post-excision. The proportion of cells with cross-links (defined as comets displaying a tail moment <11 for irradiated cells or <3 for unirradiated cells) was relatively constant and independent of drug dose ( Figure 6 ). In mice allowed to breathe 10% oxygen during exposure for 90 min to RSU 1069, the percentage of cells with cross-linked DNA increased to almost 60% ( Figure  6 , open square). The toxicity of RSU 1069 in SCCVII tumours was examined using a clonogenic assay. Hoechst 33342 fluorescence was used as the basis for distinguishing the position of the cell relative to the functional blood vessels (Chaplin et al., 1985) . While all drug doses produced significant killing in all cells of the population, more damage was seen in cells distant from the blood supply (Figure 7) . Possible diffusion of a toxic product may be responsible for the effective killing of aerobic as well as hypoxic cells (H-ll et al., 1989) .
Fluorescence-activated cell sorting of tumour cells close to, as opposed to distant from, the blood supply confirmed that the cells with the most cross-links were also the cells located in areas of the tumour most distant from the blood supply (Figure 8 ). The comet assay identified the dimly fluorescent cells as more hypoxic than brightly fluorescent cells following both tirapazamine and RSU 1069, in spite of the fact that these two drugs produce opposite patterns of DNA damage; this result further validates the cell sorting method. There is also a suggestion from these data of the presence of subpopulations of cells with different degrees of DNA crosslinking which may be expected in this tumour which under- aerobic cells must also be dying. Like tirapazamine, it seems that DNA damage by RSU 1069 may be a better indicator of cellular oxygenation than cell killng. By comparing histograms of DNA damage produced for spheroids with those produced for SCCVH tumours, it is possible to determine a dose in each tumour model which produces a similar amount of DNA damage. In spheroids, exposure to 251g mll' for 1 h produces a histogram similar to that observed from cells of SCCVH tumours 90 min after i.p. injection of 100 mg kg-'.
V79 spheroids equiibrated with 10% oxygen routinely show a radiobiological hypoxic fraction of about 40-50%. The percentage of cells labelled 'hypoxic' by virtue of the presence of cross-links was only about 20% in spheroids treated by RSU 1069 alone. In spheroid cells exposed -to 10 Gy after drug treatment, the presence of cross-links could be detected after much lower doses, and using a cut-off of 11 the 'hypoxic' fraction increased to about 30%. The percentage of heavily cross-linked cells underestimates the radiobiologicllly hypoxic fraction because the relation between oxygen concentration and DNA damage by RSU 1069 is likely to differ from the relation between oxygen concentration and ionising radiation-induced DNA damage. The shape of the curve describing RSU 1069 toxicity vs oxygen concentration shows a half-maximum value considerably lower than that observed for ionising radiation (Koch, 1993) . Broadening the definition of a cell with cross-links to incude those cells with minimal numbers of cross-linis should improve the ability of RSU 1069 to detect radioresistant hypoxic cells in vivo.
Results obtained using SCCVII tumours agree well with the spheroid results. Doses <I00 mg kg-' produced too few strand breaks in aerobic cells to allow separation of aerobic and hypoxic populations. However, upon irradiation of the tumour cell suspension, the presence of cross-links in some cells of the population could be easily resolved, even after exposure to a relatively non-toxic dose of 25 mg kg-'. The percentage of cells with tail moments < 11 was 20 ± 3.76% (mean ± s.e.m. for 17 tumours). The criterion for the cut-off was based on the observation that fewer than 5% of the cells from untreated tumours exposed to 1OGy in vitro showed tail moments less than 11. This percentage of cross-linked cells measured using RSU 1069 is in good agreement with the hypoxic fraction of the SCCVH tumour determined by paired survival curve analysis, or using the comet assay in conjunction with ionising radiation-induced damage; in these experiments, the hypoxic fraction was approximately 12% and 18% respectively (Olive and Durand, 1992; Olive, 1994 which act as prodrugs for RSU 1069, and will advance to clinical trial (Cole et al., 1992; Sebolt-Leopold et al., 1992; Bremner, 1993 Hoechst 33342 injection prior to sorting stains those cells close to functional blood vessels at that point in time, since the plasma half-ife of this drug is less than 2 min (Chapln et al., 1987) . However, both tiapzmie and RSU 1069 have plasma half-lives of about 20-30 mn (Workman and Walton, 1984; Walton and Workman, 1993) ; as cells cycle in and out of hypoxia, they can still generate active spece that cause DNA dam . For a similar reason, infusion of Hoechst during irradiation signintly improved the ability of the sorting method to detect cells resistant to killng by X-rays .
In summary, RSU 1069 produces DNA cross-links in hypoxic cells that can be det d using the alkalin comet assay. Irradiation of the single-l suspension obtained from tumours after drug treatment provides additional sensitvity for detecting cells with cross-links. There appears to be good potential for the applicton of this method to detect hypoxic cells in human tumours exposed to the less emetic prodrug, PD144872. 
